Our understanding of the intrinsic mechanosensitive properties of human pluripotent stem cells (hPSCs), in particular the effects that the physical microenvironment has on their differentiation, remains elusive 1 . Here, we show that neural induction and caudalization of hPSCs can be accelerated by using a synthetic microengineered substrate system consisting of poly(dimethylsiloxane) micropost arrays (PMAs) with tunable mechanical rigidities. The purity and yield of functional motor neurons (MNs) derived from hPSCs within 23 days of culture using soft PMAs were improved more than 4-and 10-fold, respectively, compared to coverslips or rigid PMAs. Mechanistic studies revealed a multi-targeted mechanotransductive process involving Smad phosphorylation and nucleocytoplasmic shuttling, regulated by rigidity-dependent Hippo-YAP activities and actomyosin cytoskeleton integrity and contractility. Our findings suggest that substrate rigidity is an important biophysical cue influencing neural induction and subtype specification, and that microengineered substrates can thus serve as a promising platform for large-scale culture of hPSCs.
Human pluripotent stem cells (hPSCs) including human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs) are a promising resource for regenerating complex neural tissues, including motor neurons (MNs) [2] [3] . However, poorly defined culture conditions and inefficient protocols for derivation of MNs from hPSCs have hindered their use. Current hPSC-based MN differentiation relies on soluble morphogens including sonic hedgehog (SHH) and retinoic acid (RA) to direct MN specification. Because morphogenesis during embryonic development occurs through dynamic modulation of extracellular physical signals, matrix rigidity is likely to be important for the differentiation and functional maturation of neural subtypes from hPSCs. Here we investigated intrinsic mechanosensitive properties of hPSCs and determined how they could be leveraged to improve production of functional MNs using a synthetic, micromolded poly(dimethylsiloxane) (PDMS) micropost array (PMA) system (Supplementary Fig. 1 and Methods), which has a uniform surface geometry and different post heights to modulate substrate rigidity independent of effects on adhesion and other material surface properties 4 .
The influence of substrate rigidity on neural induction of hPSCs was assessed using vitronectin-coated coverslips (with bulk modulus E = 10 4 kPa) and PMAs with a broad range of rigidities (E = 1.0-1,200 kPa). hESCs were seeded at 20,000 cells cm −2 on coverslips and PMAs in growth medium. After 24 hr, hESCs were switched to neural induction medium containing the dual Smad inhibitors, SB 431542 (SB, TGF-β inhibitor) and LDN 193189 (LDN, BMP4 inhibitor), to promote neural induction (Fig. 1a) 3 . No significant difference in cell attachment was observed between coverslips and PMAs of different rigidities (not shown). On coverslips and PMAs with E = 1,200 kPa (rigid PMAs), hESCs spread to form monolayers, whereas on PMAs with E ≤ 5.0 kPa (soft PMAs), hESCs spontaneously migrated toward each other to form compact clusters. Cell spreading and nucleus size of hESCs were significantly reduced on soft PMAs relative to on coverslips or rigid PMAs (referred to henceforth as controls; Supplementary Fig. 2a-c) . Notably, within 24 hr, 22.3% ± 6.2% of hESCs on soft PMAs had differentiated, indicated by loss of Oct4 (pluripotency-associated transcription factor) expression, whereas only 4.9% ± 1.0% (coverslip) and 3.9% ± 0.4% (rigid PMA) of hESCs on controls started differentiating ( Supplementary Fig. 2d ).
Expression of the early neuroectodermal differentiation marker, Pax6, was used to monitor neural induction. On soft PMAs, Pax6 + neuroepithelial cells (NEs) were detected as early as day 4, and reached 95.1% ± 2.1% by day 8. In contrast, on controls, Pax6 + NEs appeared at day 6 and constituted only 28.2% ± 10.8% (coverslip) and 33.4% ± 7.2% (rigid PMA) of total cells at day 8, respectively (Fig. 1b,c) 5 . Immunoblots revealed higher Pax6 and Sox1 (neuroectodermal transcription factor) protein expression by hESCs on soft PMAs relative to controls (Fig. 1d) . Paralleling definitive neural stem cells in mouse embryos 6 , Pax6 + NEs derived from soft PMAs were responsive to bFGF and readily formed polarized neural tubelike rosettes, while the controls did not (Supplementary Fig. 3 ). A screening assay revealed a threshold of PMA rigidity E for neural induction: E ≤ 5 kPa had a potent effect, whereas E ≥ 14 kPa did not ( Supplementary Fig. 4 ).
Two sets of PMAs with different post diameters but matching effective moduli E were compared, with results indicating that neural induction by soft PMAs was not sensitive to micropost geometries ( Supplementary Fig. 5 ). By modulating the PDMS curing agent to base monomer ratio (1:10-1:100), flat featureless PDMS surfaces with different bulk moduli E (0.5 kPa-2.5 MPa) were generated and assayed for neural induction. At day 6, Pax6 + NEs constituted 32.5% ± 3.3% (1:70 PDMS, E = 5 kPa) and 27.7% ± 4.9% (1:100 PDMS, E = 0.5 kPa) of cells on soft, flat PDMS surfaces, respectively, in contrast to 14.3% ± 2.5% (coverslip) and 14.3% ± 1.8% (1:10 PDMS, E = 2.5 MPa) on controls ( Supplementary Fig.  6 ). Noticeably, neural induction by soft, flat PDMS surfaces was not as drastic as soft PMAs, possibly owing to their viscoelastic nature, different from the elastic PMAs.
Temporal mRNA expression of pluripotency markers (NANOG and SOX2) and neuroectodermal markers (PAX6, SOX1, and TUJ-1) was quantified using qRT-PCR. Soft PMAs accelerated disruption of the transcriptional circuitry maintaining pluripotency, while promoting neuroectodermal gene expression ( Supplementary Fig. 7 ). Experiments with another hESC line (CHB-10) and a hiPSC line derived from human foreskin fibroblasts showed that at day 6, Pax6 + NEs constituted 60.8% ± 1.1% (CHB-10) and 78.8% ± 5.8% (hiPSCs) of cells on soft PMAs, respectively, in contrast to 23.2% ± 3.0% (CHB-10) and 24.5% ± 1.8% (hiPSCs) on rigid PMAs ( Supplementary Fig. 8 ).
Treatment of hESCs with both Smad inhibitors led to Pax6 + NEs, as well as Pax6 − cells coexpressing neural crest (NC) markers AP2, p75, and HNK-1 ( Fig. 1b and Supplementary  Fig. 9 ) 3 . At day 8, 18.7% ± 5.3% and 18.1% ± 3.6% of cells were AP2 + on coverslips and rigid PMAs, respectively. Strikingly, only 1.1% ± 0.5% of cells were AP2 + on soft PMAs (Fig. 1b) . Similar reductions in p75 + and HNK-1 + NCs were observed on soft PMAs ( Supplementary Fig. 9 ). Paralleling the effects of substrate rigidity, manipulation of the concentration of the BMP4 inhibitor, LDN, altered the ratio of Pax6 + NEs to Pax6 − /AP2 + NCs. Increasing LDN levels promoted differentiation toward Pax6 + NEs, whereas LDN's absence favored NC differentiation (Fig. 1e ).
To induce functional neurons, NEs require anterior/posterior and dorsal/ventral patterning cues 2, 7 . When the caudalization factor, RA, was added to neural induction medium from day 4, the posterior genes, HOXB1, HOXB4, and HOXC8 were significantly upregulated, whereas OTX2, an anterior identity gene, was suppressed ( Supplementary Fig. 10a,b) . Surprisingly, soft PMAs promoted HOXB1, HOXB4, and HOXC8 expression in the absence of RA ( Supplementary Fig. 10b ). Although RA's effects exceeded those of soft PMAs on OTX2, HOXB1, or HOXB4 expression, expression of HOXB4 and HOXC8 remained responsive to varying substrate rigidity in the presence of RA, suggesting an additive effect of substrate rigidity on neural caudalization. Otx2 and HoxB4 protein expression levels confirmed the effect of soft PMAs on promoting neural patterning and specification of posterior identity ( Supplementary Fig. 10c,d ).
We next examined whether the ventralization factor, Purmorphamine (Pur), could induce MNs from caudalized NEs derived from soft PMAs, using oligodendrocyte transcription factor 2 (Olig2) as a MN marker. When NEs were cultured continuously for an additional 8 d in the presence of Pur and RA, 65% ± 6.3% of cells on soft PMAs became Olig2 + , whereas only 7.9% ± 1.3% of cells were Olig2 + on rigid PMAs ( Supplementary Fig. 11 ). In the absence of RA, 19.3% ± 1.7% of cells on soft PMAs became Olig2 + , whereas on rigid PMAs only 3.5% ± 1.6% of cells were Olig2 + .
Because soft PMAs accelerate neural induction and caudalization, we investigated whether functional MN production could be expedited using soft PMAs. hESCs were cultured on vitronectin-coated coverslips and PMAs for 16 d to allow neural induction and caudalization prior to passage onto poly-l-ornithine/laminin/fibronectin-coated coverslips and treatment with MN maturation medium containing neurotrophic factors BDNF and IGF-1 for an additional 14 d (Fig. 2a) . At day 23, 18.5% ± 0.6%, 11.4% ± 0.3%, and 12.0% ± 1.1% of cells derived from soft PMAs became Tuj1 + (neuronal form of tubulin), Isl1 + (MNassociated transcription factor), and HB9 + (MN-specific transcription factor), respectively. In contrast, Tuj1 + , Isl1 + , and HB9 + cells derived from coverslips constituted 8.0% ± 0.7%, 2.6% ± 0.6%, and 2.6% ± 0.5% of total cells, respectively (Fig. 2b,c) . Similarly, only 6.3% ± 0.7%, 2.2% ± 0.3%, and 2.0% ± 0.2% of cells derived from rigid PMAs were Tuj1 + , Isl1 + , and HB9 + , respectively (Fig. 2b,c) . 62.6% ± 1.1% of Tuj1 + cells derived from soft PMAs co-expressed Isl1, whereas on controls only 33.3% ± 6.2% (coverslip) and 33.5% ± 8.1% (rigid PMA) of Tuj1 + cells were Isl1 + (Fig. 2c) . Notably, significantly more soft PMAderived cells expressed choline acetyltransferase (ChAT), an enzyme catalyzing the formation of neurotransmitter acetylcholine, at day 30, compared to controls (Fig. 2b) . The purity of MNs, defined as the percentage of HB9 + cells, from soft PMAs was thus improved about 4.6-fold, compared to controls (Fig. 2c) . Furthermore, subculture of MN progenitors derived from soft PMAs led to 7.5-, 11.7-, and 12.9-fold increases in the numbers (and thus yields) of Tuj1 + , Isl1 + , and HB9 + cells, respectively (Fig. 2d) .
We next evaluated action potentials (APs) for functional MNs derived at day 30 from soft PMAs using whole-cell recording (Methods). Among 27 cells recorded, 12 generated APs with an average amplitude > 65 mV and were considered functionally mature 8 . Another 5 cells fired APs with the average amplitude < 65 mV. Nine displayed spontaneous APs with an average amplitude of 85.3 mV and a half-height width of 2.5 ms (Fig. 2e ). When injected with depolarizing currents, 15 cells displayed tonic firing activities with an average first spike amplitude of 71.7 mV (Fig. 2f) . MNs can decrease firing rates responding to constant stimuli, a phenomenon called spike frequency adaption (SFA) 9 . Here, 6 of 12 "mature" MNs displayed SFA with a depolarizing current (Fig. 2g) . Moreover, post-inhibitory rebound (PIR, depolarization and/or spiking following a release from hyperpolarization) was observed in 6 MNs (Fig. 2h) . These data suggest that MNs derived from soft PMAs display electrophysiological activities comparable to those from primary neurons in vivo 8 . In comparison, hPSCs require up to 50 days under conventional differentiation conditions for complete functional maturation into a MN [10] [11] .
To examine whether rigidity-mediated MN production might depend on specific ventralizing and neurotrophic factors, additional 23-day and 35-day MN differentiation assays were conducted using SHH for patterning and ventralization and neurotrophic factors BDNF, GDNF, CNTF, and IGF-1 for terminal differentiation ( Supplementary Fig. 12 and Supplementary Fig. 13 ). For the 23-day assay, 32.8% ± 5.7% and 17.7% ± 1.7% of cells derived from soft PMAs became Tuj1 + and HB9 + , respectively, at day 23 ( Supplementary  Fig. 12b,c) . In contrast, for controls, 14.6% ± 1.3% (coverslip) and 10.3% ± 2.5% (rigid PMA) of cells were Tuj1 + , and 3.8% ± 0.4% (coverslip) and 3.0% ± 0.8% (rigid PMA) cells were HB9 + ( Supplementary Fig. 12b,c) . The purity and total number (and thus yield) of HB9 + MNs derived from soft PMAs were improved 4.6-and 12.9-fold, respectively, compared to controls ( Supplementary Fig. 12c,d) . Similarly, in the 35-day assay, the percentage of HB9 + cells at day 35 improved from 7.3% ± 3.1% (coverslip) and 7.8% ± 1.2% (rigid PMA) to 47.7% ± 2.3% (soft PMA) ( Supplementary Fig. 13b-d) . The purity and yield of HB9 + MNs derived from soft PMAs were increased 6.1-and 10-fold, respectively, compared to controls ( Supplementary Fig. 13c,d ).
Our data presented in Fig. 1 suggested a connection between mechanotransduction and inhibition of BMP signaling in hPSCs. Indeed, immunoblots substantiated an inhibitory role of soft PMAs on Smad1/5/8 phosphorylation (Fig. 3a) . Phosphorylated Smads (phosphoSmads) require translocation to the nucleus for transcriptional activation 12 . YAP/ TAZ, nuclear transducers in the canonical Hippo pathway, bind phosphoSmads and control their nucleocytoplasmic shuttling in hESCs 13 . In the Hippo pathway, Lats1/2 kinase phosphorylates YAP/TAZ, which in turn bind the scaffolding protein 14-3-3 to remain cytoplasmic 14 . YAP/TAZ-mediated nuclear accumulation of phosphoSmads is required for hESC pluripotency and its loss results in neuroectoderm differentiation 13 . A recent study also shows that YAP/TAZ are critical in mechanotransduction [15] [16] .
Supporting our hypothesis that YAP/TAZ-mediated nuclear accumulation of Smads regulates rigidity-dependent neural induction of hESCs, nuclear YAP/TAZ were observed in 95% ± 2.7% and 38.2% ± 1.6% of hESCs on rigid and soft PMAs, respectively (Fig. 3b,c) . Rigidity-dependent subcellular localization of YAP/TAZ was maintained after 3 d of neural induction and coincided with nucleocytoplasmic shuttling of Smad 2/3 and Smad 1/5/8 (Fig.  3d) . Co-localization of YAP/TAZ and phosphoSmad 1/5/8 was also observed before and after neural induction ( Supplementary Fig. 14) .
We next examined whether substrate rigidity regulates YAP/TAZ in hESCs in a Hippodependent manner. Immunoblots demonstrated that soft PMAs promoted YAP phosphorylation on serine 127 (ser 127 ), a key target of Lats1/2 kinase downstream of the Hippo pathway (Fig. 3e) . Silencing of Lats1 expression using siRNA suppressed YAP phosphorylation on ser 127 ( Supplementary Fig. 15 ). Notably, Lats1 knockdown hESCs displayed a spread morphology on both rigid and soft PMAs, indicating loss of mechanosensory properties (Supplementary Fig. 15 ). Soft PMAs did not promote neural induction of Lats1 knockdown hESCs (Fig. 3f,g ), further supporting that Lats-mediated phosphorylation of YAP may relay mechanical signals exerted by substrate rigidity.
Adult mammalian cell studies suggest functional links between two major intracellular mechanotransductive components, Rho GTPase and the actomyosin cytoskeleton (CSK), and the Hippo-YAP pathway [16] [17] [18] [19] . Indeed, hESCs cultured on rigid PMAs exhibited bundled actin microfilaments at cell peripheries, whereas actin microfilaments were diffusely distributed throughout cells on soft PMAs (Supplementary Fig. 16 ). hESCs were treated independently with Y27632 (inhibitor of Rho-associated kinase, or ROCK, a downstream effector of RhoA), which decreases actomyosin contractility while maintaining intact CSK structure; cytochalasin D (CytoD), an inhibitor of actin polymerization; or lysophosphatidic acid (LPA), which stimulates RhoA and facilitates formation of actin microfilaments. Compared to controls, Y27632 promoted cytoplasmic localization of YAP/TAZ and significantly increased the percentage of Pax6 + NEs on rigid, but not soft PMAs ( Supplementary Fig. 17 and Fig. 3h-j) . In contrast, LPA facilitated nuclear localization of YAP/TAZ and inhibited neural induction on both rigid and soft PMAs. Notably, CytoD treatment had a significant effect on YAP/TAZ translocation on both rigid and soft PMAs, and neural induction was significantly more efficient on soft PMAs without treatment, compared to that on rigid PMAs treated with Y27632 ( Fig. 3h-j) . These data are consistent with findings that ROCK inhibition facilitates neural differentiation of mouse ESCs and embryonal carcinoma stem cells [20] [21] , while LPA maintains hESC pluripotency [22] [23] .
Together, our studies suggest a putative multi-targeted mechanotransductive process in hPSCs where soft PMAs inhibit Smad phosphorylation while activating Lats, an actinbinding protein 24 , during disassembly of actin microfilaments. This in turn phosphorylates YAP to prevent nuclear translocation of phosphoSmads and inhibit subsequent activation of Smad target genes ( Supplementary Fig. 18 ).
The Hippo-YAP signaling pathway is highly conserved and under intense study given its importance in development and cancer. The current view implicates Hippo signaling regulated by cell polarity and adhesion proteins. Our data reveal functional crosstalk between Hippo-YAP signaling and the classic mechanotransductive components, Rho GTPase and the actomyosin CSK, in hPSCs. Other mechanosensory components, such as adhesion molecules including integrins and cadherins and cell morphology, may also regulate Hippo-YAP signaling in hPSCs. Supporting this view, increased internalization of integrins in mesenchymal stem cells on soft substrates represses Smad 1/5/8 phosphorylation and induces neurogenic differentiation 25 . Also, NIH/3T3 cell morphology regulates the Hippo pathway 16 .
By combining dual Smad inhibition with PMAs, we generated high-yield and -purity functional MNs from hPSCs. PMAs are fully defined substrates that can be mass-produced for large-scale hPSC culture. We demonstrate that like many human adult stem cells [26] [27] [28] [29] [30] , hPSCs are intrinsically mechanosensitive and substrate rigidity is an in vitro extracellular switch that directs NE vs. NC lineage decisions and anterior vs. posterior patterning. Mechanical properties of the extracellular matrix in vivo may act as a "mechanical organizer" synergizing with morphogens to direct neural plate specification and anteriorposterior axis formation during neurulation.
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